Oryza sativa Pto-interacting protein 1a (OsPti1a), an ortholog of tomato (Solanum lycopersicum) SlPti1, functions as a negative regulator of innate immunity in rice (Oryza sativa). In ospti1a mutants, the activation of immune responses, including hypersensitive response-like cell death, is caused by loss of the OsPti1a protein; however, it is as yet unclear how OsPti1a suppresses immune responses. Here, we report that OsPti1a localizes to detergent-resistant membrane fractions of the plasma membrane through lipid modification of the protein's amino terminus, which is highly conserved among Pti1 orthologs in several plant species. Importantly, mislocalization of OsPti1a after deletion of its amino terminus reduced its ability to complement the mutant phenotypes, including hypersensitive response-like cell death. Furthermore, complex formation of OsPti1a depends on its amino terminus-mediated membrane localization. Liquid chromatography-tandem mass spectrometry analysis of OsPti1a complexinteracting proteins identified several defense-related proteins. Collectively, these findings indicate that appropriate complex formation by OsPti1a at the plasma membrane is required for the negative regulation of plant immune responses in rice.
Plants are continuously exposed to attack by microorganisms under natural conditions. To protect themselves against pathogen challenges, plants have evolved two different layers of defense. The first layer is microbeassociated molecular pattern (MAMP)-triggered immunity (MTI). MAMPs are recognized by plant cells through plasma membrane receptors (pattern recognition receptors; Nürnberger and Kemmerling, 2006) ; however, compatible pathogens are able to evade the MTI response through the action of pathogen-encoded effectors that can suppress this line of defense. In turn, plants have evolved a second layer of plant defense through the recognition of specific effectors, called effector-triggered immunity (ETI), that is mediated by plant resistance proteins (Jones and Dangl, 2006) . ETI is a more rapid and powerful response than MTI and is typically accompanied by rapid programmed cell death known as the hypersensitive response (Coll et al., 2011) . Plant immune responses include ion fluxes across plasma membranes, oxidative bursts, activation of mitogen-activated protein kinase cascades, and transcriptional reprogramming of defense genes. Most of these responses are observed in both MTI and ETI, suggesting that plants employ common signaling machinery in response to these different stimuli (Navarro et al., 2004; Zipfel et al., 2006; Qi et al., 2011) ; however, the downstream signaling components after the initial recognition of pathogens by plant receptors are still not fully characterized.
Previously, we reported that knockout mutations of the Oryza sativa Pto-interacting protein 1a (OsPti1a) gene, which encodes a Ser/Thr protein kinase, activate a series of defense responses in rice (Oryza sativa) accompanied by hypersensitive response-like lesion formation over the entire leaf surface in the absence of pathogen challenge (Takahashi et al., 2007) . We also reported that overexpression of OsPti1a results in enhanced susceptibility against compatible pathogens and reduces resistance against an incompatible race of rice blast fungus (Takahashi et al., 2007) . These results suggest that OsPti1a functions as a negative regulator of both MTI and ETI in rice (Takahashi et al., 2007) . Furthermore, suppression of OsRAR1 (required for mildew resistance locus A12 [Mla12] resistance), a rice homolog of Aradopsis thaliana (At) RAR1 and Hordeum vulgare (Hv) RAR1 (Shirasu et al., 1999; Muskett et al., 2002) , in ospti1a mutants abolished unregulated lesion formation, the expression of pathogenesis-related genes, and enhanced basal resistance, suggesting that constitutive activation of defense responses in the ospti1a mutant is attributed to OsRAR1-dependent signaling. Additionally, OsPti1a-mediated basal defense is regulated by the phosphorylation of a conserved Thr through the upstream kinases rice oxidative signal-inducible1 (OsOxi1) and rice phosphoinositidedependent protein kinase1 (OsPdk1; Matsui et al., 2010a Matsui et al., , 2010b ; however, it is still not clear how OsPti1a negatively regulates signaling to activate defense responses.
Pti1 proteins are highly conserved in many plant species, including tomato (Solanum lycopersicum), soybean (Glycine max), maize (Zea mays), rice, and Arabidopsis (Arabidopsis thaliana; Herrmann et al., 2006) . Phylogenetic analysis revealed that Pti1 family proteins can be divided into three subgroups among angiosperms (I-III). Each subfamily has a highly conserved N-terminal domain with a specific consensus sequence. In these domains, myristoylation and/or palmitoylation sites were predicted. ZmPti1a in maize was reported to be localized to the plasma membrane, owing to its N-terminal myristoylation and/or S-acylation (Herrmann et al., 2006) . Palmitoylation and myristoylation, the addition of fatty acids to specific sites on proteins, are wellknown posttranslational modifications required for membrane binding or for complex formation (Hemsley and Grierson, 2008) . These posttranslational modifications have important roles for a wide range of cellular processes in plants, such as salt tolerance, plant viability, and plant immunity (Ishitani et al., 2000; Kim et al., 2005; Pierre et al., 2007; Takemoto et al., 2012) . The fact that the N-terminal domains of Pti1 homologs are highly conserved suggests that lipid modification of these domains could be related to Pti1 function; however, the biological significance of these modifications is still unknown.
In this article, we demonstrate that OsPti1a localizes to the plasma membrane and that N-terminal conserved palmitoylation sites are necessary for this localization. Deletion of the N terminus of OsPti1a leads to the aberrant activation of immune responses. We also demonstrate that at the plasma membrane, OsPti1a forms a protein complex and that the N terminus is indispensable for wild-type complex formation. We identified several defense-related proteins as candidates of the OsPti1a complex at the plasma membrane. These results indicate that appropriate complex formation at the plasma membrane is indispensable for OsPti1a function as a negative regulator of immune signaling in rice.
RESULTS

OsPti1a Is Restricted to the Plasma Membrane
To elucidate the biological and physiological roles of OsPti1a in vivo, we investigated the subcellular localization of OsPti1a protein by cellular fractionation of rice suspension culture cells. An OsPti1a-specific antibody detected a strong signal in microsomal fractions compared with that in the soluble fractions (Fig. 1A) . Although the microsomal fraction consists largely of microsomes, the microsomal fraction also frequently contains free ribosomes and fragments of the plasma membrane, the Golgi apparatus, mitochondria, and other subcellular structures (Boyes et al., 1998) . To characterize OsPti1a localization in greater detail, we conducted an additional two-phase separation procedure that revealed that OsPti1a mainly localizes to the Figure 1 . OsPti1a localizes with the microsomal fraction. A, Distribution of OsPti1a protein. Total protein derived from wild-type (WT) rice suspension-cultured cells was fractionated into soluble (S) and microsomal (M) samples by ultracentrifugation. The lysates were run on SDS-PAGE and subjected to immunoblot analysis with anti-OsPti1a antibody. Total protein of ospti1a mutants was used as a negative control. OsPIP2;1 indicates control integral membrane protein. B, Immunoblot analysis using an anti-OsPti1a antibody to probe the plasma membrane (PM) fraction and the DRM fraction proteins. The red arrowhead indicates the band of OsPti1a protein. OsPIP2;1 is the control integral membrane protein. Flamingo-stained SDS-PAGE of the two-phase partitioned plasma membrane and purified DRM fractions is shown at right. C, Top gels are immunoblots of soluble and microsomal fractions derived from wild-type total microsomal fraction after treatment with the indicated buffer. The microsomal fraction of the ospti1a mutant is a negative control. Bottom gels show Coomassie Brilliant Blue (CBB) staining of membrane proteins after immunoblotting.
inner plasma membrane and exists in detergentresistant membrane (DRM) fractions (Fig. 1B) . Peripheral proteins are released from membranes under high ionic strength conditions or a pH change. To investigate how OsPti1a binds to the plasma membrane, we fractionated suspension-cultured cells after treatment with high salt (1 M NaCl) and high pH (Na 2 CO 3 , pH 11); however, these treatments did not remove the OsPti1a protein from the microsomal fraction (Fig. 1C) . These data suggest that OsPti1a binds strongly to the plasma membrane and localizes preferentially in the DRM fractions.
The N-Terminal Domain of OsPti1a Is Required for Plasma Membrane Localization Since OsPti1a does not contain a transmembrane domain, membrane localization probably depends on interaction with other membrane-associated protein(s) or by anchoring directly to the membrane through a posttranslational modification. Phylogenetic analysis revealed that OsPti1a belongs to the group II Pti1 family that has potential lipid modification sites within the N-terminal region ( Fig. 2A ; Herrmann et al., 2006) . To test if the conserved N-terminal domain is required for localization, we produced transgenic suspensioncultured cells expressing OsPti1a whose 10 N-terminal amino acids were deleted (DN-OsPti1a) in the ospti1a mutant background. To confirm whether tagged OsPti1a is functional, we produced transgenic ospti1a homozygous mutant plants expressing N-terminal or C-terminal hemagglutinin-strepII (HAstrepII)-tagged OsPti1a. Although transgenic plants expressing C-terminal HAstrepII-tagged OsPti1a were phenotypically similar to wild-type plants (Supplemental Fig. S1A ), indicating that C-terminally tagged OsPti1a (OsPti1a-HAstrepII) is functional, the expression of N-terminally tagged OsPti1a (HAstrepII-OsPti1a) did not complement the ospti1a mutant phenotype, including dwarfism and aberrant lesion formation (Supplemental Fig. S1B ). This result suggests that the N terminus is important for OsPti1a function. Therefore, we decided to employ the C-terminally tagged OsPti1a in further analyses. Figure 2B shows that OsPti1a-HAstrepII was mostly detected in the microsomal fraction like the endogenous OsPti1a protein. On the other hand, the DN-OsPti1a-HAstrepII protein was detected in the soluble fraction and not in the microsomal fractions. Similar results were obtained using Agrobacterium tumefaciens-mediated transient expression in Nicotiana benthamiana (Supplemental Fig. S2A ). These results indicate that the N-terminal domain of OsPti1a is essential for localization to the membrane.
Palmitoylation Sites Cys-6 and Cys-7 Are Necessary for OsPti1a Localization to the Plasma Membrane Alignment of the N-terminal sequences of group II Pti1 orthologs indicated that OsPti1a possesses conserved putative palmitoylation sites at Cys-3, Cys-6, and Cys-7, as predicted by the CSS-Palm program (Ren et al., 2008 ; Fig. 2A ). Since Cys-3 had a low prediction score compared with the other two Cys residues using CSS-Palm version 4.0, we focused on Cys-6 and Cys-7. To test whether palmitoylation of OsPti1a is required for membrane binding, we analyzed the effect of amino acid substitutions in the N-terminal sequences of OsPti1a using agroinfiltration of N. benthamiana (Supplemental Fig. S2 , B and C). OsPti1a
C6A and OsPti1a C7A mutant proteins mainly accumulated in the soluble fraction, although OsPti1a
WT protein was detected in the microsomal fraction. Furthermore, accumulation of the OsPti1a C6A/C7A mutated protein was observed completely in the soluble fraction. This result indicates that residues Cys-6 and Cys-7 are required for OsPti1a membrane binding. To confirm the importance of Cys-6 and Cys-7 of OsPti1a for binding to rice membranes, OsPti1a variants fused to GFP were expressed in rice protoplasts (Fig. 2 , C-N). As expected, OsPti1a-GFP clearly localized to the membrane, whereas DN-OsPti1a-GFP, OsPti1a C6A -GFP, OsPti1a C7A -GFP, and OsPti1a C6A/C7A -GFP were not membrane localized and were observed in the cytosol. These results indicate that OsPti1a localization to the plasma membrane, which contains DRM, is dependent on the putative palmitoylation of N-terminal Cys-6 and Cys-7. To investigate the biological function of membrane localization mediated by the N-terminal domain of OsPti1a, we generated transgenic plants expressing DN-OsPti1a-HAstrepII in the ospti1a mutant background. As expected, DN-OsPti1a-HAstrepII transgenic plants did not complement lesion formation or the dwarf phenotype of ospti1a mutants in T0 transgenic plants (Fig. 3, A and B) , despite accumulation of the OsPti1a protein (Fig. 3C) . Consistent results were observed in at least six independent transgenic lines. These results indicated that the N-terminal domain of OsPti1a is essential for OsPti1a function in negatively regulating defense signaling in rice. Taken together, we conclude that the localization of OsPti1a at the rice plasma membrane through its N-terminal domain is indispensable for OsPti1a function in immunity signal regulation.
OsPti1a Forms a Protein Complex at the Plasma Membrane
DRMs are known to be involved in various signaling processes. In Arabidopsis, several membraneassociated proteins important for plant immunity (e.g. Receptor-like kinases and plasma membrane-H + -ATPases) have been reported to be localized in DRMs (Liu et al., 2009b; Keinath et al., 2010) . The fact that OsPti1a could be purified with the DRM fraction raised the hypothesis that OsPti1a potentially regulates defense signaling through interaction with such proteins in DRMs. To inspect the possible association of OsPti1a with other signaling components at the plasma membrane, we examined whether OsPti1a forms protein complexes using blue native-PAGE. As shown in Figure 4A , the OsPti1a-HAstrepII protein was detected in the microsomal fraction of the OsPti1a-HAstrepII-overexpressing cells by the anti-hemagglutinin (anti-HA) antibody at a wide range of electrophoretic mobilities ranging from 146 to over 720 kD. In contrast, the OsPti1a-HAstrepII protein was mainly detected as a monomer in the soluble fraction. These results suggest that OsPti1a forms protein complexes at the plasma membrane. When the anti-OsPti1a antibody that was raised against the N-terminal sequence (residues 11-24) of OsPti1a was used for the detection, no signal was observed (data not shown). This result may indicate that the OsPti1a N-terminal region is masked by components of the OsPti1a complexes under native conditions (Takahashi et al., 2007) . To confirm whether membrane localization is required for complex formation, we investigated OsPti1a protein complex formation by size-exclusion chromatography using transgenic cultured cells expressing OsPti1a-HAstrepII or DN-OsPti1a-HAstrepII in the ospti1a background. The majority of OsPti1a protein was found to be broadly distributed from about 440 kD to less than 66 kD (fractions 17-28) in ospti1a/OsPti1a-HAstrepII cells, with the signal peak present in fraction 19 (Fig. 4B) . On the other hand, signals of DN-OsPti1a shifted to a lower size (fractions 19-28) with the signal peak detected in fraction 20, presumably because DN-OsPti1a forms an incomplete protein complex (or complexes) nonidentical to the complex formed by intact OsPti1a. These results indicate that membrane localization of OsPti1a is necessary for endogenous, wild-type OsPti1a complex formation.
Since OsPti1a is involved in MTI signaling, changes in the OsPti1a complex may have an important role in regulating MTI responses. To investigate whether the size of the OsPti1a complex changes in response to MAMP treatment, we carried out gel filtration analyses after treatment with chitin ( Supplemental Fig. S3) ; however, the size of the complex was not observed to change in response to chitin treatment even after 180 min. This result suggests that OsPti1a forms a stable complex that is attached to the membrane fraction and functions as a negative regulator by interaction with complex-associated proteins.
Membrane-Localized OsPti1a Forms Complexes with Rice Homologs of Reported Plant Immune Regulators
In order to understand the significance of complex formation at the plasma membrane for plant immune system regulation, we characterized the components in the membrane-localized OsPti1a complexes. OsPti1a-HAstrepII and DN-OsPti1a-HAstrepII were affinity purified from transgenic cell lines, and associated proteins were identified by liquid chromatography (LC)-tandem mass spectrometry (MS/MS) analysis. Untransformed O. sativa cv Nipponbare cell suspension cultures (wild type) were used as a negative control. As shown in Figure 4C , we were able to detect protein bands that were specifically associated with OsPti1a-HAstrepII but not with DN-OsPti1a-HAstrepII and analyzed these bands to identify proteins involved in the membrane-localized OsPti1a complexes. Using this approach, we identified 39 proteins that potentially form complexes with OsPti1a at the plasma membrane (Table I) . Importantly, many of these proteins, such as . OsPti1a forms a protein complex in the membrane fraction. A, Blue native-PAGE was performed using soluble (S) and microsomal (M) fractions derived from cultured rice cells expressing OsPti1a-HAstrepII. OsPti1a protein was detected using an anti-HA antibody. WB, Western blotting. B, Gel filtration fractions of protein extracts from rice cultured cells expressing OsPti1a-HAstrepII or DN-OsPti1a-HAstrepII were subjected to immunoblot analyses (top gel) using an anti-HA antibody. The fraction numbers and molecular masses (kD) are indicated at the top. The membrane after immunoblotting was stained with CBB. C, Biochemical purification and identification of OsPti1a-associated factors. OsPti1a protein complexes were affinity purified. The gels were silver stained for protein visualization. The arrows indicate OsPti1a-specific bands in ospti1a/OsPti1a-HAstrepII cultured cells. WT, Wild type.
OSA2 (for Oryza sativa PM H + -ATPase isoform2), OSA7, vacuolar ATP synthase subunit d, and PhytochromeAssociated Phosphatase Type 2C (PAPP2C), are suggested to be membrane-localized proteins from analyses of homologous proteins in other plant species (Schumacher, 2006; Fujiwara et al., 2009; Liu et al., 2009b; Wang et al., 2012) . Moreover, Arabidopsis homologs of OSA7, jacalin domain protein, and PAPP2C have been reported to play important roles in plant immunity (Liu et al., 2009a (Liu et al., , 2009b Wang et al., 2012) . These results suggest that plasma membrane localization of OsPti1a is important for complex formation with certain proteins to regulate plant immunity.
DISCUSSION
The N-Terminal Domain of OsPti1a Is Required for Plasma Membrane Localization N-terminally tagged OsPti1a did not complement lesion formation in ospti1a mutants (Supplemental Fig. S1 ). Indeed, OsPti1a protein with deletions of only 10 amino acids in the N terminus lost the ability to complement the knockout mutant phenotype. These results indicate that the N-terminal region of the OsPti1a protein is essential for suppressing defense activation in rice. In this article, we showed that the N terminus of the OsPti1a protein has two potential palmitoylation sites ( Fig. 2A) . OsPti1a
C6A and OsPti1a C7A mutants clearly showed that these palmitoylation sites strongly affect OsPti1a localization, leading to membrane detachment (Fig. 2 , C-N; Supplemental Fig. S2C ). Palmitoylation is important for the regulation of not only subcellular localization but also signal transduction (Asai et al., 2013; Hemsley et al., 2013) . In Pti1 family proteins, Cys-6 and Cys-7 are highly conserved in monocots and dicots ( Fig. 2A) , indicating that these palmitoylation sites possibly play a critical role in controlling Pti1-mediated signaling in plants.
Despite being highly conserved in both monocots and dicots, Pti1 proteins may have different downstream signaling functions in these different plant groups. Unfortunately, we are not able to explain how Pti1 family proteins in dicots are regulated by palmitoylation, because no data have yet been obtained from dicot pti1 loss-offunction mutants; however, our results suggest that Pti1 family proteins, which have conserved N-terminal amino acid sequences, are probably modified by palmitoylation and can function in the suppression of immunity in rice plants.
Treatment with chitin, a major MAMP, did not change the size of the OsPti1a complex (Supplemental Fig. S3 ), suggesting that this complex is stable during MTI. Therefore, if the ability of OsPti1a to suppress MTI depends on OsPti1a complex formation, it is possible that the downstream signal is conveyed through protein interactions between this stable complex and temporarily interacting proteins at the plasma membrane. Alternatively, the OsPti1a complex may change the permeability of the plasma membrane or the activity of other membrane-associated complexes in response to MAMPs. In order to resolve this question, further experiments investigating whether the OsPti1a complex is required to induce or suppress MTI must be conducted.
In the ETI response, there are no data about the dynamics of the OsPti1a complex. Previously, we hypothesized that OsPti1a is a guardee or decoy, a potential target of pathogen effectors in rice plants (Takahashi et al., 2007; Matsui et al., 2010b ). If OsPti1a is not able to form a complex in the membrane correctly, then defense responses are activated. Direct interacting targets of OsPti1a might be used to monitor OsPti1a to activate defense responses.
In this study, we have identified proteins that potentially form complexes with membrane-localized functional OsPti1a ( Fig. 4C ; Table I; Supplemental Tables S1  and S2 ). We detected several proteins that were in common between OsPti1a-HAstrepII and DN-OsPti1a-HAstrepII cultured cells but were not localized at the plasma membrane (Supplemental Table S1 ). This result is consistent with the hypothesis that DN-OsPti1a is able to form complexes in the cytosolic fraction that are not able to localize at the plasma membrane. Among the identified proteins that form complexes with OsPti1a protein, several proteins were predicted to have a role in plant immunity. For instance, the Arabidopsis homolog of OSA7, Arabidopsis thaliana PM H + -ATPase isoform2 (AHA2), plays an important role in stomatal defense (Liu et al., 2009b) . AHA2 is also known to interact with the Arabidopsis Resistance to Pseudomonas syringae pv maculicola1 (RPM1)-interacting protein (RIN4) protein, a guardee for two independent resistance proteins, RPM1 and Resistance to P. syringae2 (RPS2; Belkhadir et al., 2004) . Furthermore, the rice homolog of jacalin domain protein, a RIN4-associated protein in Arabidopsis, was also identified from the OsPti1a-HAstrepII cultured cells (Liu et al., 2009a) . These intriguing results raise the possibility that OsPti1a forms a complex in the plasma membrane analogous to the Arabidopsis RIN4 complex. Additionally, PAPP2C is known to interact with Resistance to powdery mildew8 (RPW8), which confers mildew resistance in Arabidopsis (Wang et al., 2012) . Transgenic rice plants expressing PAPP2C RNA interference constructs show the stunted and cell death phenotypes (Wang et al., 2012) . The morphological phenotype of the ospti1a mutant might be associated with PAPP2C, regulating both plant growth and defense mechanisms in rice. These identified proteins may contribute to the activation of the immune system through OsPti1a complexes in rice plants. Future work will investigate whether the molecular function of OsPti1a-associated protein contributes to the regulation of plant immunity during pathogen infection.
DRM Localization
OsPti1a is localized in the membrane fraction, especially in DRM fractions that are resistant to treatment with nonionic detergents (Fig. 1B) . From animal and yeast studies, DRMs are thought to be involved in regulating signal transduction pathways such as endocytosis and exocytosis, protein secretion, apoptosis, and the actin cytoskeleton (Simons and Toomre, 2000; Parton and Richards, 2003; Helms and Zurzolo, 2004) . Recent studies have revealed that DRMs in the plasma membrane are involved in signal transduction for plant innate immunity in Arabidopsis and rice (Fujiwara et al., 2009; Keinath et al., 2010) . In rice, OsRac1 (for Rac/Rho of plant [Rop]-type GTPase1), a plant-specific Rac/Rop small GTPase, and its immune complex have been well characterized (Kawasaki et al., 1999; Ono et al., 2001; Suharsono et al., 2002; Fujiwara et al., 2006 Fujiwara et al., , 2009 Kawano et al., 2010) . In this case, the OsRac1 complex is localized in DRMs and functions as a To test this hypothesis, we analyzed the interaction between OsPti1a and OsRac1 by a coimmunoprecipitation experiment; however, OsPti1a did not interact with OsRac1 (data not shown). In addition, a dominantnegative form of OsRac1 (OsRac1DN) did not affect the ospti1a mutant phenotype (data not shown). These results indicate that OsPti1a and OsRac1 probably form two separate complexes in DRMs and function independently. On the other hand, OsPti1a and OsRac1 both have a relationship with OsRAR1 in activating defense responses against pathogens in rice. Therefore, it is possible that downstream components of OsPti1a may be shared with OsRac1 through OsRAR1-mediated signaling. Taken together, our results indicate that the membrane localization of OsPti1a through its N-terminal lipid modification is crucial for the regulation of immune signaling by OsPti1a. Additionally, we revealed that OsPti1a forms a protein complex at the membrane and that the N-terminal region of OsPti1a is required for wild-type complex formation. These findings indicate that OsPti1a functions as a negative regulator of immune signaling dependent on complex formation in the plasma membrane.
MATERIALS AND METHODS
Plant Materials
Rice (Oryza sativa cv Nipponbare) was used as the wild-type plant, and the ospti1a mutant was described by Takahashi et al. (2007) 
Plasmid Construction
OsPti1a constructs and mutant variants were constructed as follows. Amplification and site-directed mutagenesis were performed using the primers listed in Supplemental Table S3 . The cDNA fragments of HAstrepII-OsPti1a or OsPti1a-HAstrepII were generated by PCR and cloned into pCR4 TOPO (Invitrogen). The HAstrepII-tagged protein can be detected by both an anti-HA antibody and an anti-strep-tagII antibody. After sequence confirmation, these fragments were introduced into pPZP2Ha3(2) by restriction enzymebased cloning (Fuse et al., 2001) . The DN-OsPti1a-HAstrepII fragment was amplified by PCR using specific primers that added restriction enzyme sites and was cloned into pENTR/D-TOPO (Invitrogen). The DN-OsPti1a-HAstrepII fragment was introduced into pPZP2Ha3(2). Rice transformation was carried out as described previously (Takahashi et al., 2007) . C-terminal synthetic GFPfused OsPti1a was generated by PCR and was cloned into pENTR/D-TOPO. This plasmid was used as a template to generate ospti1a mutant variants. The ospti1a mutant variants were cloned into pENTR/D-TOPO. After sequence confirmation, these constructs were introduced into pEl2V-MCS that was modified for Gateway cloning (Mitsuhara et al., 1996) . Gene expression of OsPti1a-GFP and OsPti1a variants was controlled under CaMV 35S promoter.
Subcellular Fractionation Analysis of OsPti1a
To determine the membrane localization of OsPti1a, rice suspensioncultured cells and leaves of N. benthamiana were collected and homogenized in membrane isolation buffer (50 mM Tris-HCl [pH 7.5], 0.25 M sorbitol, 2 mM EDTA, 5 mM ascorbic acid, and Complete Protease Inhibitor Cocktail tablets [Roche] ). Samples were ground to a powder using liquid nitrogen and resuspended in membrane isolation buffer. Cell debris was removed by centrifugation at 10,000g at 4°C for 10 min. The supernatant was ultracentrifuged at 100,000g at 4°C for 60 min using a Beckman TLA100.3 rotor. The resulting supernatants were used as the soluble fractions, and the pellets were used as the microsomal fractions in experiments.
To characterize the membrane association of OsPti1a, microsomal fractions were diluted (10-fold) into membrane isolation buffer or membrane isolation buffer supplemented with 250 mM NaCl, 500 mM NaCl, 1 M NaCl, or 100 mM Na 2 CO 3 (pH 11.5). Samples were incubated for 30 min on ice followed by centrifugation (Beckman TLA100.3; 100,000g, 30 min, and 4°C). Pellet fractions were washed with membrane isolation buffer, and protein equivalents of supernatant and pellet fractions were analyzed by immunoblotting using the anti-OsPti1a antibody (Takahashi et al., 2007) or anti-PIP2;1 (for aquaporin Plasma membrane intrinsic protein2;1) antibody (Cosmo Bio). Prior to immunoblotting, the nitrocellulose membrane was analyzed by CBB staining to confirm protein recovery and equal loading. Purification of DRMs was as described in detail by Fujiwara et al. (2009) .
Rice suspension cell cultures were harvested 4 d after subculture and ground in homogenization buffer (50 mM MOPS/KOH [pH 7.6], 5 mM EGTA, 5 mM EDTA, 0.5 M D-sorbitol, 2 mM phenylmethylsulfonyl fluoride, 2.5 mM dithiothreitol, and Complete Protease Inhibitor Cocktail tablets [Roche] ). After centrifugation at 13,000g for 15 min, the supernatant was centrifuged at 100,000g for 1 h at 4°C. The resulting pellet was subjected to a polyethylene glycol-dextran (6.4%, w/w) aqueous two-phase partitioning system for plasma membrane purification. The plasma membrane fractions were suspended in TED buffer (50 mM Tris-HCl [pH 7.4], 3 mM EDTA, and 1 mM dithiothreitol), Triton X-100 was added to a detergent:plasma membrane protein ratio of 15:1, and the mixture was incubated for 30 min on ice. After incubation, the sample was diluted with a Suc solution in TED buffer to a final concentration of 52% (w/w) Suc, overlaid with 40%, 35%, and 5% (w/w) Suc in TED buffer, and centrifuged for 16 h at 150,000g in a SW40Ti rotor (Beckman). DRM fractions were recovered above the 5% and 35% interfaces, diluted five times with TED buffer, and centrifuged for 1 h at 200,000g. Final pellets were suspended in SDS-PAGE sample buffer containing 1% (v/v) N-octyl glucoside for SDS-PAGE.
Immunoblotting
Immunoblot analysis was performed as described previously (Matsui et al., 2010b) . To detect OsPti1a protein in the plasma membrane and DRM fractions by immunoblot analysis, sample proteins were separated by SDS-PAGE and transferred onto an Immobilon-P membrane (Millipore). The membrane was blocked for 1 h in phosphate-buffered saline (137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.68 mM KCl, and 1.47 mM KH 2 PO 4 ) containing 5% (w/v) skim milk and incubated for 2 h with anti-Pti1a antibody (1:2,000 dilution; Takahashi et al., 2007) . After washing with phosphate-buffered saline containing 0.1% (v/v) Tween 20, the membranes were incubated for 1.5 h with anti-rabbit IgG conjugated to horseradish peroxidase (1:10,000 dilution; GE Healthcare). Chemical enhancement was performed using ECL PLUS Western Blotting Detection Reagents (GE Healthcare). The enhanced signals were detected with an LAS-3000mini luminescent image analyzer (Fujifilm).
Transient Expression Assay Using Rice Protoplasts
Methods for protoplast isolation from rice cultured cells were essentially as described previously (Kyozuka and Shimamoto 1991) . Plasmid transformation was performed using the polyethylene glycol method (Sheen, 2002 unpublished data http://genetics.mgh.harvard.edu/sheenweb/, Chen et al., 2006) . Protoplasts isolated from rice cell line Oc suspension-cultured cells were adjusted to 2.5 3 10 6 cells mL 21 . Plasmid DNAs (5 mg of DNA of each construct)
were mixed with 100-mL aliquots of suspended protoplasts in each transformation experiment. The cells were observed between 12 and 16 h after transformation at 30°C. Confocal microscopy was performed using a TCS SP5 instrument (Leica). Fluorescence was excited with an argon laser at 488 nm and detected at wavelengths of 500 to 520 nm. Images were processed and arranged using LAS AF software (Leica) and Adobe Photoshop CC software.
Agroinfiltration of N. benthamiana
Agroinfiltration of N. benthamiana was performed as described previously (Kobayashi et al., 2007) with modifications. Binary vector constructs were made by inserting DNA fragments of OsPti1a WT , DN-OsPti1a, OsPti1a C6A , OsPti1a C7A , and OsPti1a C6A/C7A into the binary vector pEl2V-MCS-3xHA (Mitsuhara et al., 1996) . Gene expression of OsPti1a and its variants was controlled under the control of the CaMV 35S promoter in pEl2V-MCS-3xHA. Transgenic lines of Rhizobium radiobacter (Agrobacterium tumefaciens) strain EHA105 carrying the binary constructs were used to infiltrate 5-week-old N. benthamiana leaves. Three days after infiltration, samples were frozen in liquid nitrogen until their use in experiments.
Blue Native-PAGE Blue native-PAGE was performed as described by the manufacturer's protocol (Invitrogen) using the fractionated samples from transgenic calli expressing 35S: OsPti1a-HAstrepII in the ospti1a background. Immunoblot analysis was performed using anti-HA antibody (1:5,000 dilution; Covance).
Size-Exclusion Chromatography
Rice suspension-cultured cells (1 g) were homogenized in liquid nitrogen with 4 mL of extraction buffer (50 mM Tris [pH 7.5], 2 mM EDTA, 150 mM NaCl, 5 mM MgCl 2 , 10% glycerol, 0.8% [w/v] Triton X-100, and 13 Complete Protease Inhibitor Cocktail tablets [Roche]) for 20 min at 4°C. The extracts were centrifuged at 10,000g for 20 min at 4°C, and the supernatant was filtered through a 0.22-mm filter (Millipore). The filtrate was applied to a Superdex 200 HR column (GE Healthcare) attached to an FPLC system (LCC501 Plus; GE Healthcare) using extraction buffer without protease inhibitor cocktail as the running buffer. Fractions (0.5 mL each) were collected, and 400-mL aliquots were concentrated by acetone precipitation. The precipitates were resuspended in 50 mL of SDS-PAGE sample buffer and heated for 15 min at 60°C. A total of 15 mL of each sample was subjected to SDS-PAGE and immunoblot analysis.
Coaffinity Purification and Nano-LC-MS/MS Analysis
The method of protein extraction was the same as that used for sizeexclusion chromatography described above. For coaffinity purification, the total protein extract was incubated with 100 mL of Strep-Tactin beads (IBA) at 4°C for 1 h with gentle rocking. The matrix was washed three times with the extraction buffer. Bound proteins were eluted with 400 mL of extraction buffer containing 2.5 mM biotin. After that, samples were concentrated by acetone precipitation and centrifuged at 15,000g at 4°C for 20 min. The precipitates were resuspended in 30 mL of SDS-PAGE sample buffer and heated for 15 min at 60°C. Each sample (15 mL) was subjected to SDS-PAGE, and proteins were detected by silver staining.
In-gel digestions were performed as described previously (Shevchenko et al., 2006) . Digested peptides in the gel pieces were recovered by adding 5% formic acid/acetonitrile, desalted using StageTips with C18 disk membranes (EMPORE; 3M; Rappsilber et al., 2003) , dried in a vacuum evaporator, and dissolved in 9 mL of 5% acetonitrile containing 0.1% trifluoroacetic acid. An LTQ-Orbitrap XL (Thermo Fisher Scientific) coupled with a Dionex Ultimate3000 pump and an HTC-PAL autosampler (CTC Analytics) were used for nano-LC-MS/MS analyses. A self-pulled needle (150 mm length 3 100 mm i.d., 6-mm opening) packed with ReproSil C18 resin (3 mm; Dr. Maisch GmbH) was used as an analytical column with a stone-arch frit (Ishihama et al., 2002) . A spray voltage of 2,400 V was applied. The injection volume was 6 mL, and the flow rate was 500 nL min 21 . The mobile phase consisted of 0.5% acetic acid (A) and 0.5% acetic acid and 80% acetonitrile (B). A two-step linear gradient of 0% to 40% B in 30 min, 40% to 100% B in 5 min, and 100% B for 10 min was employed. The mass spectrometry (MS) scan range was mass-to-charge ratio 300 to 1,400. The top 10 precursor ions were selected in the MS scan by Orbitrap at 100,000 resolution and for subsequent MS/MS scans by ion trap in the automated gain control mode, where automated gain control values of 5.00e + 05 and 1.00e + 04 were set for full MS and MS/MS, respectively. The normalized collision-induced dissociation was set to 35. A lock mass function was used for the LTQ-Orbitrap XL to obtain constant mass accuracy during gradient analysis (Olsen et al., 2005) . Selected sequenced ions were dynamically excluded for 60 s after sequencing. Mass Navigator version 1.3 (Mitsui Knowledge Industry) with default parameters for LTQ-Orbitrap XL was used to create peak lists on the basis of the recorded fragmentation spectra. The mass-to-charge ratio values of the isotope peaks were converted to the corresponding monoisotopic peaks when the isotope peaks were selected as the precursor ions. To improve the quality of the MS/MS spectra, Mass Navigator discarded all peaks with absolute intensities of less than 10 and with peak intensities of less than 0.1% of the most intense peak in the MS/MS spectra (Ravichandran et al., 2009 ). Peptides and proteins were identified by means of automated database searching using Mascot version 2.3.02 (Matrix Science) in the Michigan State University Rice Genome Annotation Project Database (ftp://ftp.plantbiology.msu.edu/pub/data/ Eukaryotic_Projects/o_sativa/annotation_dbs/pseudomolecules/version_ 7.0/all.dir/) with a precursor mass tolerance of 3 ppm, a fragment ion mass tolerance of 0.8 D, and strict trypsin specificity (Olsen et al., 2004) , allowing for up to two missed cleavages. Carbamidomethylation of Cys was set as a fixed modification, and oxidation of Met was allowed as a variable modification. Proteins with at least two unique peptides were regarded as confident identifications.
Sequence data from this article can be found in the GenBank/EMBL data libraries under accession number OsPti1a (AK104870).
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